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ABSTRACT 
 
 
 
 
BORON NUTRITION OF BURLEY AND DARK TOBACCO 
 
 
The incidences of suspected Boron (B) deficiency have increased recently in Kentucky 
tobacco fields, potentially due to recent changes in management practices. The symptoms 
observed in the field include; hollow stalk, stunted growth, deformed or no bud 
formation, small slits on the lower leaf midrib and uncontrollable breaking of the midrib 
approximately two inches from the stalk. B is a micronutrient tobacco needs in minute 
amounts, however excessive additions of B could cause toxicity. The objectives of this 
work were to1) establish critical points for B sufficiency, 2) describe and define B 
deficiency and toxicity symptoms and 3) develop field strategies to aid in the mitigation 
of B deficiency. A general nutrient response curve was generated utilizing solution 
culture experiments. The peak of the response curve appeared to occur at solution B 
concentration of 100 µM. Trace-levels of B contamination and small plant size in the 
solution culture limited the development of deficiency symptoms. Toxicity was observed 
at solution concentrations of 400 µM and above. Despite choosing sites with a history of 
B deficiency, deficiency symptoms were not observed during this study. Toxicity was 
observed when 0.56 kg B/ha or greater was applied as simulated transplant water 
treatments. No toxicity was observed when B was applied as a soil broadcast or foliar 
application. Recommendations are to apply B with caution as a broadcast application to 
avoid potential problems with toxicity. Additional research is required to refine the 
nutrient response curve and better understand B deficiency. 
 
KEYWORDS: tobacco Nicotiana tabacum, Boron deficiency, Boron toxicity, 
micronutrients, Boron symptoms in tobacco  
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Chapter 1 
Literature Review 
1.1 Properties of Boron 
Boron (atomic symbol “B”) is a group 13 element with an atomic number of 5 and an 
atomic weight of 10.811 grams. Boron is commonly considered to be a metalloid 
meaning it has properties somewhere between a metal and a non-metal. Among the 
elements, B ranks 37th in abundance in the Earth’s crust (Krauskopf, 1979). Elemental B, 
has a melting point of 2300°C, but is rarely found in a pure form in nature. Boron is 
commonly found in nature in an oxidized state in the form of borates. Boric oxide is one 
of the important oxidized forms that is acidic and soluble in water. This solubility results 
in the formation of boric acid, a weak acid, in solution. Naturally occurring B is rare, but 
if found is in the form of Calcium (Ca2+) and Sodium (Na+) borates. Boron has a constant 
oxidation state of III, but never behaves as a cation in nature (Adriano, 1986). Table 1.1 
below lists the common uses of B minerals in the United States.  
 
Table 1.1: Boron minerals and chemical uses in the United 
States (Woods, 1992) 
Use Percentage (%) 
Glass and Ceramics  
Insulation and 
Fiberglass 
28 
Textile fiberglass 12 
Glass 9 
Enamels and Glasses 3 
Detergents and Bleaches 12 
Alloys and Metals 6 
Fire Retardants 5 
Agriculture 4 
Adhesives 2 
Other Chemicals 19 
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1.2 Boron in the Soil 
Boron can be found in almost all types of rocks in the Earth’s crust. Igneous rocks 
contain 1-10 ppm B, while metamorphic and sedimentary rocks typically contain slightly 
higher amounts of 5-12 ppm of B (Aubert and Pinta, 1977). Naturally occurring minerals 
that contain B include: borax (Na2B4O7·10H2O), kernite (Na2B4O7·4H2O), colemite 
(Ca2B6O11·5H2O), ulexite (NaCaB5O9·8H2O), tourmaline (H2MgNa9Al3(BO)2Si4O20), 
and axinite (Ca2MgAl2BO3Si4O12(OH)). Weathering and breakdown of rocks that contain 
B releases borates in solution, mainly as boric acid (B(OH)3). Soils derived from igneous 
rocks typically contain lower concentrations of B than soils derived from sedimentary 
rocks (Adriano, 1986). Parent materials of marine origin contain higher amounts of B 
since B accumulates in the seawater and is eventually laid down in the sediments. The 
combination of parent material and degree of weathering leads to variations in the 
amount of B found in soils. Lower concentrations of B will often be found in soils 
formed from acid igneous rock, fresh water sedimentary deposits and course textured 
soils that are low in organic matter (OM).  
 
Boron in soil has been categorized into 7 fractions as defined by extracting procedures: 
water soluble B, CaCl2 extracTable B, Mannitol exchangeable B, acidified NH2OH·HCl 
extracTable B, NH4 oxalate extracTable B in the dark, NH4 oxalate extracTable B under 
UV light, and residue B (Jin et. el, 1987). Soil properties such as pH, clay content and 
OM content will result in different percentages of each category across different 
locations.  Hot water soluble B has been reported to best represent the availability level of 
B in the soil for plant uptake (Jin et. al. 1987). There are several soil characteristics that 
impact the availability, mobility, and behavior of nutrients in soil. Boron availability is 
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specifically related to soil pH, texture, clay mineral composition, organic matter, 
environmental conditions and interactions with other ions. A continuous supply of B 
must be available to the plant for normal growth (McMurtrey, 1941). 
 
1.2.1 pH 
Nutrient availability has long been linked to soil pH and B is no exception to this rule. 
Boron is most readily available for plant uptake at soil water pH’s between 5.0 and 7.0. 
Above a pH of 7.0 is when most B deficiency cases have been observed. This occurs 
because undissociated boric acid, B(OH)3, is the predominant form of plant available B at 
pH’s between 5.0 and 7.0 (Raven, 1980). The pH dependence of B adsorption can be 
explained by the following hydrolysis reaction; B(OH)3 + 2H2O ↔ B(OH)4- + H30+ 
(pKa=9.25). As pH increases above 7.0 dissociated boric acid (B(OH)-4) forms in the soil 
and is tightly adsorbed to the clay surfaces and thus less is available for plant uptake (Hu 
and Brown, 1997). The pH of the soil is one of the main factors that affect the plant 
availability of B. When lime is applied to soils, this raises the pH and reduces the 
availability of B to the plants, which may induce B deficiency (Peterson and Newman, 
1976). Lime is recommended for tobacco production to raise the soil pH to at least 6.6 to 
avoid potential problems with manganese (Mn) toxicity (Seebold and Pearce, 2013). This 
recommendation coupled with recent significant reductions in nitrogen rate could be 
associated with a trend toward higher soil pH in some tobacco fields.  
 
1.2.2 Soil Texture 
Soil texture is another important factor in determining the availability of B to plants. In 
general, B contents are lower in coarse-textured soils than in fine textured soils (Gupta, 
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1968). This is because coarse textured soils have less surface area for adsorption, overall 
these soils will have higher amounts of sand, thus making B more prone to leaching. 
Hence, B deficiency is more prevalent in sandy soils than in clay dominant soils (Gupta, 
1968). Boron deficiency is more prevalent on leached acid soils; sandy loams, fine-
textured lakebeds, acid organic soils and when soils are limed to a water pH > 6.5 
(Reisenauer et. al, 1973). Another aspect of soil texture that is important involves the 
depth of the soil profile. Boron is less likely to be found in the lower levels of the soil 
profile in sandy soils that are not near bodies of water because the soil is increasingly 
coarse deeper in the soil profile (decreased clay and organic matter content). 
Micronutrient levels should be monitored especially in coarser textured soils.  
 
1.2.3 Organic Matter 
Organic matter is one of the main sources of B in soils. Soil organic matter adsorbs more 
B than mineral soil constituents on a weight basis (Gu and Lowe, 1990). Soil organic 
matter is found in increase amounts higher in the soil profile, mainly due to incorporation 
and degradation of plant debris in the plow layer (Brady & Weil, 2008). Degradation of 
soil organic matter and plants by soil microorganisms releases B in the soil for crop 
uptake. Gupta (1968) found a highly significant, positive correlation between organic 
matter content and hot-water soluble B in more than 100 soils. While organic matter 
content of the soil is important, the interaction between pH and organic matter content is 
more important (Gupta, 1968). Soils that were acid but contained large amounts of 
organic matter were less likely to suffer from B deficiency, but those soils that were 
alkaline and did not have a high amount of organic matter were more likely to suffer from 
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B deficiency. This is linked to the fact that with decreasing pH, a decrease in organic 
matter also occurs (Berger and Truog, 1945).  
 
1.2.4 Interactions with other ions 
Boron has been reported to react with calcium (Ca+2) and magnesium (Mg+2) ions, with 
the main focus being on the calcium to boron ratio (Ca:B) (Drake et. al, 1941). In peanuts 
a significant interaction between the effects of B and Ca+2 on growth and development 
were recorded (Hill and Morrill, 1975). Soils high in Ca+2 and low in B, were likely to 
show B deficiency, while soils lower in Ca+2 and sufficient or high in B, were more likely 
to allow for adequate uptake or excessive uptake of B. The sufficient Ca:B ratio range 
will vary between crops but can be an indicator of the amount of lime application needed 
in the field. Drake et. al. (1941) found the adequate Ca:B ratio for tobacco to be 1340:1. 
If the ratio is in the adequate range for the crop (to be planted) the amount of lime to be 
applied may need to be altered. This ratio should not be the only method of determining 
lime application, but if the field is known for B deficiency or toxicity the Ca:B ratio 
should be taken into consideration.  
 
1.2.5 Environmental and other contributing factors to boron availability  
Droughty conditions can contribute to the occurrence of B deficiency in soils with 
marginal B availability. This occurs because during a drought the plant takes up less 
water and thus mass flow uptake of nutrients by the plant is restricted. According to Hill 
and Morrill (1975) the incidence of damage to the plant can be correlated with the 
amount of water soluble B in the soil. The less water soluble B the more internal damage 
that will occur. Surface soil B tends to be higher when it is dry and lower when it rains 
due to leaching losses (Goldberg, 1997). However, B is less available to plants when it is 
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hot and dry. Water availability varies between growing seasons and within the growing 
season. Irrigation water can be a significant source of B to plants in some regions. Boron 
concentrations in irrigation water vary across the United States, but if the amount of B 
within the water is in excess of 0.3 mg B/L -1 (Keren and Bingham, 1985) for sensitive 
plants (Table 1.2) toxicity can occur. Investigation of the water supply for B content 
should be conducted if the water is coming from an area where B concentration could be 
high. For example, arid and semi-arid regions may have elevated amounts of B in under 
ground water sources (Adriano, 1986). Due to the fact that these areas have increased 
cases of leaching.  
 
High concentrations of B in soils can occur as a result of coal combustion and emissions, 
mainly as fly ash. Fly ash has at times been used as a soil amendment to improve soil 
physical and chemical properties (Nable et. al., 1997). Concentrations as high as 600 ppm 
B have been measured in samples of fly ash, (Elseewi et. al., 1980). Much of the B 
contained in fly ash is in the form of plant available B (borates), excessive amounts 
applied to the soil prevented plants from germinating specifically during the first season 
after application (James et al. 1982). It is important to note that B concentration in fly ash 
will vary and tolerance to B varies between plant species. Therefore, fly ash applied to 
different crops will cause varying degrees of damage. Fly ash contributions of B to the 
soil could have resulted in B toxicity to crops in cases of direct application of waste to 
soils several years ago but today, with increased regulations on fly ash emissions (EPA, 
2014), B deficiency is a potential concern. It is unknown if strict emissions regulations 
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and lack of fly ash distribution led to an increased number of B deficiency cases but is a 
potential contributing factor that should not be ruled out.  
 
1.3 Boron in Plants 
Boron is one of the 16 essential nutrients for plant growth. Boron has been associated 
with several functions within plants including; phloem mobility, transport of molecules, 
cell wall structure, membranes and some reactions within those membranes, reproductive 
structures and functions, nitrogen fixation, plant metabolism, and increased aluminum 
toxicity damage to plant roots (Blevins and Lukaszewski, 1998). Boron is immobile in 
plants. After younger tissues have incorporated B it cannot re-mobilized to other 
locations within the plant (with the exception of some trees) (Blevins and Lukaszewski, 
1998). Because B is immobile there needs be a steady source of B to the plant from the 
soil (Hu and Brown, 1997). Boron is required for the growth of new tissues but not for 
the maintenance of older tissues. Younger plants would require more B than older plants, 
because the younger plants would be growing more rapidly and the older plants are 
growing slower. Boron uptake is a passive, non-metabolic process based solely on the 
rate of transpiration and the amount of available B in the soil solution (Hu and Brown, 
1997). Plants take-up undissociated B(OH)3 when soil properties adequately allow for the 
availability of this form of B. As water is lost (increased transpiration) to the atmosphere, 
residual B accumulates and eventually can reach levels that are toxic to the plant. Blevins 
and Lukaszewski (1998) found that 80-90% of B taken up will end up in the cell wall of 
vascular plants. The other 10-20% will then be transported by both the phloem and the 
xylem to the shoot of the plants and the reproductive and vegetative tissues. 
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1.4 Boron Deficiency and Toxicity  
The nutrient response curve for B is reported to have a very narrow sufficiency range 
between deficiency and toxicity (Reisenauer et. al, 1973). As a result, managing B supply 
to the plant is a significant challenge. To further complicate matters the symptoms of B 
deficiency and B toxicity can be similar. Symptoms of B deficiency include flaws in the 
cell wall structure, a decrease in root elongation (main and lateral roots) and degeneration 
of the meristematic tissue (Herrera- Rodriguez et. al., 2010). Boron deficiency also 
causes; discoloration and deformation of the shoot apex and younger leaves, a decrease in 
cell wall plasticity, over production of tissue (disturbs cell division), changes in lignin 
formation, limits leaf elongation and expansion, and causes a decrease in reproductive 
growth (Dell and Huang, 1997). Other symptoms of B deficiency include, twisting of the 
upper stalk and lower leaf, death of the terminal bud and any subsequent lateral buds, 
dark discoloration of the midrib and if shortage of B occurs at flowering a lack of seed 
pod set will also occur (McMurtrey, 1941). According to Hill and Morrill (1975) the 
incidence of damage caused to the inside of the plant can be correlated with the amount 
of water soluble B in the soil. The less water soluble B the more internal damage that will 
occur. The first deficiency symptoms will appear at the growing points; the stem tips, 
flower buds, and auxiliary buds. In leaves, B deficiency can cause necrosis and collapse 
of the upper epidermal and palisade cells and accumulation of phenolic compounds (Tso, 
1965). Internal tissue of certain plants may show signs of discoloration and drying out or 
hollowing. Black necrosis of the young leaves and terminal buds primarily occurs on the 
base of the leaf blade. Stems can become stiff and brittle. Apical dominance may also be 
lost, causing the plant to become highly branched. However, the terminal apices of the 
branches will soon become necrotic because of lack of cell division (Epstein, 1972). 
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Some authors have speculated as to the critical values for B deficiency in certain plants, 
but no definitive concentrations have been determined for tobacco (Dell and Huang, 
1997).  
 
Boron toxicity is the other end of the spectrum, and is most likely to occur in arid and 
semi-arid regions. With high B in the groundwater (Reid 2007), the accumulation of B in 
the topsoil is high due to the high evaporation rate of the groundwater. High amounts of 
B can be found naturally in some soils as a result of; mining, heavy fertilizer use or use of 
irrigation water sources such as saline well water. Boron accumulates in higher amounts 
in leaf blades than in other plant parts and higher in leaf margins than in other leaf parts 
(Adriano, 1986), which is where toxicity symptoms tend to occur. Symptoms of toxicity 
include; leaf tip burn, necrotic patches at the tips or margins of older leaves, and leaf tip 
curling (Eaton, 1944). Similar to deficiency, the critical value used to determine B 
toxicity in soils is unknown and further research is needed in order to establish these 
values. There are several values listed for plant tissue critical values but these values are 
large in range and difficult to narrow down for each plant type (Nable et. al. 1997). 
Sensitivity to B toxicity varies widely among plant species and is based on the amount of 
B in the soil that can be tolerated before damage occurs to the plant. Tobacco is often 
listed as a semi-tolerant plant (Table 1.2).
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Table 1.2: Plant tolerance to boron (Adriano, 1986) 
Sensitive Plants Semi-tolerant Plants Tolerant Plants 
Apple Alfalfa Asparagus 
Apricot Barley Artichoke 
Avocado Broccoli Blueberry 
Blackberry Cabbage Cotton 
Cherry Carrot Cucumber 
Cowpea Cauliflower Muskmelon 
Elm Celery Pasture grass 
Fig Clover Peppermint 
Grape Corn Rye 
Grapefruit Hops Sesame 
Kidney Bean Kentucky Bluegrass Soybean 
Lemon Lettuce Spearmint 
Navy Bean Lima Bean Sugar beet 
Orange Mustard Turnip 
Pansy Oats  
Peach Olive  
Pear Onion  
Pecan Parsley  
Plum Peanut  
Strawberry Pepper  
Violet Potato  
Walnut Pumpkin  
 Radish  
 Rice  
 Rose  
 Rutabaga  
 Spinach  
 Sunflower  
 Sweet Corn  
 Sweet Pea  
 Sweet Potato  
 Timothy  
 Tobacco  
 Tomato  
 Vetch  
 Wheat  
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1.5 Boron Fertilizers  
There are several B fertilizers available for agricultural use; some of the more common 
formulations are listed in Table 1.3. When these fertilizers are applied the borates 
dissolve to form B(OH)3, which is readily available to plants. In order to adequately 
apply the right amount of B fertilizer to the field several soil characteristics (see section 
above) and a soil test will need to be taken into consideration. Application is 
recommended to take place with caution and in small quantities in order prevent toxicity 
from occurring because of the small window of sufficiency. 
   
Table 1.3: Agricultural boron fertilizers (Havlin et. al, 2014) 
Source Formula % B 
Borax Na2B4O7·10H2O 11 
Boric Acid H3BO3 17 
Colemanite Ca2B6O11·5H2O 10-16 
Sodium pentaborate Na2B10O16·10H2O 18 
Sodium tetraborate 
(Fertibor, Granubor)
Na2B4O7·5H2O 14-15 
Sodium octaborate 
(Solubor) 
Na2B8O13·4H2O 20-21 
 
1.6 Tobacco and Boron 
Some of the functions of B in tobacco have been suggested to be; cell wall pectin 
formation (Blevins, 1999), protein metabolism, alkaloid production and translocation of 
sugars across the plant membranes: Boron is accumulated in the leaves of tobacco at the 
apical or marginal part of the leaf (Tso, 1965). There is speculation regarding B and its 
function with nicotine production in Tobacco. Steinberg (1954) found that B deficient 
plants had over all higher alkaloid contents on a dry leaf weight basis especially when B 
deficiency symptoms were increasing in the plant. The sufficiency range for B in burley 
and flue-cured tobacco has been listed between 18-75 ppm (Baker et. al., 2000). Blevins 
(1999) has reported that tobacco only requires a small amount of B and is semi-tolerant to 
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B availability in the soil. Meaning that tobacco can handle a moderate amount of B in the 
soil compared to what other plants like cherries, strawberries or blackberries can tolerate. 
In tobacco grown in the field, suspected B deficiency symptoms have been observed to 
be hollow stalk, no or deformed bud formation or bud death (Figure 1.2), stunted foliar 
growth, small cuts on the underside of the leaves (stem) and leaf breakage approximately 
2 inches from the stalk (Figure 1.1). Deficiency symptoms in water culture were observed 
by Lal and Tyagi (1949) as; gradual bleaching of the leaves except for across the veins, 
leaf margin tearing, and breakdown of the leaf. It was noted that deficiency symptoms 
became more pronounced as the plants were grown for longer periods of time and to a 
larger size (Lal and Tyagi, 1949). Boron toxicity symptoms in tobacco have been listed 
as; necrosis of leaves, burning of the lamina, rapid defoliation, necrotic spots on the 
leaves, and damage to the xylem vessels, (Lal and Tyagi, 1949).  
 
 
 
1.7 Kentucky and Boron 
Tobacco is a global, multi-billion dollar agriculture product. Today, tobacco is still one of 
the main contributors to the agricultural economy of several states such as: Kentucky, 
Virginia, North and South Carolina, Tennessee, and Missouri. Kentucky and North 
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Carolina account for 71% of the total tobacco production in the United States (CDC, 
2014). In Kentucky alone, 172.1 million pounds of cured leaf were harvested from 
approximately 77,500 acres in 2011 (Huntrods, 2012). There are several diseases and 
deficiencies that occur across Kentucky tobacco farms but over that past several years an 
increased number of suspected B deficiency cases have occurred. Both burley and dark 
tobacco growers, in the state, have reported suspected B deficiency cases. Some of the 
counties affected include Anderson, Breckinridge, Caldwell, Graves, Greene and Taylor 
counties, and areas similar to these are spread throughout the state. Similarities in soil 
texture, topography or grower practices that would point to a definitive cause have not 
been recognized. As a result of these increased cases, an interest in this topic was 
developed and thus the research objectives of this study were established.  
 
1.8 Objectives  
The aim of this research was to observe the effects of varying levels of B amendments on 
burley and dark tobacco in the lab and field. The specific objectives of this work were to 
1) define the nutrient response curve of B for both burley and dark tobacco, specifically 
identifying the critical values of B deficiency and toxicity, 2) identify and describe the 
symptoms of B deficiency and toxicity in burley and dark tobacco and 3) develop field 
strategies to mitigate B deficiency and avoid toxicity in burley and dark tobacco 
production.  
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Chapter 2 
 
Boron Nutrition of Burley and Dark Tobacco (Nicotiana tabacum) 
 
2.1 Introduction 
Boron (B) is a metalloid element typically found in minerals in the form of calcium 
(Ca2+) and sodium (Na+) borates. Upon dissolution of these minerals boric acid (H3BO3) 
is released and is most readily available to plants between a soil water pH of 5.0 to 7.0.  
At soil pH’s above 7.0, B(OH)3 + 2H2O ↔ B(OH)4- + H30+ (pKa=9.25), dissociated boric 
acid (B(OH)4-) becomes more prevalent, but it is not readily taken up by plants, mainly 
because B(OH)4- is easily adsorbed to soil surfaces. Plants grown on a course textured 
soil are more likely to have B deficiency than those plants grown on fine textured soils, 
due to a high occurrence of leaching. Within the fine textured soils H3BO3 is more likely 
to be found closer to the soil surface due to an increased amount of organic matter being 
present. Boron is released in high amounts from degradation of organic matter (such as 
plant residues) into the soil and readily made available for plant uptake. Soil 
characteristics in combination with environmental conditions are important for an 
adequate supply of B to the plant. In droughty conditions a decrease in the amount of 
water supply to the plant occurs. Boron is taken up by mass flow so decreased amounts of 
water uptake will lead to decreased uptake of B.  
 
Boron is one of the 16 essential nutrients required for plant growth. It is associated with 
several physical and metabolic functions within the plant. Research has shown that 80-
90% of B that is taken up can be found in the cell wall (Blevins and Lukaszewski, 1998). 
Unfortunately, little is known about B deficiency and toxicity critical values and 
symptoms in tobacco. Like many micronutrient elements it is expected that there is a 
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small window of sufficiency that varies between crops. A recent increase in the number 
of B deficiency cases on tobacco in Kentucky, has gained the attention of scientists and is 
the main reason for the development of this research. The objectives of this study were: 
1) define the nutrient response curve of B for both burley and dark tobacco, specifically 
identifying the critical values of B deficiency and toxicity, 2) identify and describe the 
symptoms of B deficiency and toxicity in burley and dark tobacco and 3) develop 
strategies to mitigate B deficiency and avoid toxicity in burley and dark tobacco 
production. 
  
2.2 Materials and Methods  
2.2.1 Hydroponic Units (Aeroponic Method) 
Preliminary experiments were conducted growing both burley and dark tobacco in 
magenta cups (cat# V8505, Sigma-Aldrich, St. Louis, Missouri) in a laboratory growth 
chamber (Figure 2.1). Results from these replicated preliminary trials were used to 
determine the appropriate concentrations for the larger greenhouse trials (Appendix A). 
 
 
Greenhouse trials were conducted by growing burley and dark tobacco plants in 
Turboklone hydroponic units (aeroponic method, Everything Green Hydroponics Inc, 
Reno, NV). The Turboklone units continuously circulated and sprayed nutrient solution 
on the tobacco plant roots (Figure 2.2 and 2.3). The specific units chosen for this study 
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(T24 Turbo Mini) held 8 Liters of solution and up to 24 plants in fitted plugs which 
provided support for the plants while allowing the roots to grow into the nutrient spray.  
 
Prior to planting, for both experiment 1 and experiment 2, the hydro units were 
thoroughly washed with soap and distilled water and rinsed with distilled water. The units 
were then sanitized with distilled water and bleach then rinsed twice with distilled water 
and left to air dry in the greenhouse. Each unit was tested prior to use to ensure that 
motors and fans were operational. Hydroponic units were randomized for which 
concentration of B would be amended to each. Stock solutions were prepared as shown in 
Table 2.1 to make ½ strength Hoagland’s solution with no added boron. Solutions were 
brought to a pH of 6.5 by adding approximately 25-30 drops of 1 M KOH. Boric acid 
(B(OH)3) was mixed in at the rates appropriate for each treatment. All solutions were 
prepared by using high purity (polished) water from the Barnstead Diamond ultra pure 
water system (Thermo-Fisher Scientific INC, Waltham MA). Solutions were mixed 
weekly and stored in plastic containers to minimize contamination from borosilicate 
glass.  
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Table 2.1: ½ Strength Hoagland’s solution (Hoagland, 1950) 
Stock Nutrient Concentration (mM) mL stock/ 35 L of Nutrient 
solution 
KNO3 300 175 
Ca(NO3)2 · 4H2O 200 175 
NH4H2PO4 100 175 
MgSO4 · 7H2O 50 175 
MES 200 175 
NACL 50 17.5 
ZnSO4 · 7H2O 2 17.5 
MnSO4 · H2O 2 17.5 
CuSO4 · 5H2O .1 17.5 
(NH4)6 Mo7O2 · 4H2O .5 17.5 
Fe (III) HBEB 5.5 70 
 
Burley variety KT212LC pelleted (lot# R212171A1) and bare (lot# R212171A0) seeds 
and dark variety TND950 pelleted (lot# R950071A8) and bare (lot# R950071A0) seeds 
were obtained from F.W. Rickard Seeds INC, Winchester, Kentucky. The pelleted seeds 
were tested to determine if the pellet material could be a significant source of B. 
Approximately 25 pelleted seeds were crushed with a mortar and pestle, and placed in a 
15 mL plastic falcon tube. 1 mL of 5% nitric acid and 1mL of hydrogen peroxide were 
added prior to digestion in a 1600 wattage Microwave Activated Response System 
(MARS Xpress, CEM corporation, Matthews NC) using High Through-put Vessels 
(HTV). After digestion 3 mLs of polished water were added. 1 mL of digested seed coat 
was pipetted into a 15 mL falcon tube along with 3 mLs of polished water, 1 mL of 5% 
nitric acid and 20 µl of Scandium internal standard to bring the sample to a 4X dilution. 
Samples were then run on an Agilent 7500cx ICP-MS (Agilent Technologies, Santa 
Clara, CA) at a method detection limit of 3.63 µg/L to measure for B content. Analysis 
indicated trace amounts of B in the pelleted material, which suggested uncoated seed 
should be used for these experiments. Additional preliminary tests indicated that bare 
						
	
	18 
 
seeds germinated better in the hydro units than pelleted seeds, thus confirming the choice 
of bare seeds for this experiment.  
Table 2.2: Schedule of seeding and harvest for the hydroponic units 
Date Seeded Harvest Date Experiment Replication 
February 17th 2014 March 24th 2014 1 1 
February 24th 2014 March 31st 2014 1 2 
March 3rd 2014 April 17th 2014 1 3 
May 6th 2013 June 10th 2014 2 1 
May 13th 2014 June 17th 2014 2 2 
May 20th 2014 June 24th 2014 2 3 
 
One bare seed was placed on a cotton ball within each plug of each unit using a pair of 
tweezers. Since each Turboklone unit contained 24 plugs, 12 were seeded with burley 
tobacco seed and 12 seeded with dark tobacco. Three hydroponic units were seeded for 
each B concentration with seeding for each replication separated by a week in order to 
allow time at harvest to adequately scan and record data at termination (Table 2.2). The 
units were placed on greenhouse benches under supplemental lighting from 7 am to 9 pm 
(14 hours). The lights were programmed to turn off if the light in the greenhouse 
exceeded 700 µM/m2/S and turn on if the light intensity went below 600 µM/m2/S during 
the hours of operation. Germination and growth to two leaves generally took about 7 days 
to complete. During the germination phase each unit was filled with 8L of polished water. 
After plants germinated, the solutions were changed to ½ strength Hoagland’s nutrient 
solution (Table 2.1). Nutrient solutions were changed once a week to ensure that the 
plants were receiving adequate nutrients. Solutions were changed in increasing B 
concentration order to prevent from contamination of higher concentration in lower 
concentrations. When solutions were changed the lids (where the plugs are) were rotated 
180 o to ensure that plants were exposed to different spray nozzles. Nutrient solution 
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samples were also taken each week. This was done after the addition of stock nutrient 
solution, B amendment and the unit was raised to a pH of 6.5. A plastic pipet was used to 
take a 15 mL sample from the final solution of the units. These samples were labeled and 
placed directly in the freezer until analysis. Plants were grown in the nutrient solution 
treatments for 4 weeks. In order to control the amount of B added to each hydro unit, a 50 
mM B stock solution was made prior to the commencement of this study. 3.0915 g of 
H3BO3 (boric acid lot # 06472, case# 10043-35-3, Fisher Scientific, Pittsburgh, PA) was 
put into a plastic 1 L container then brought to 1 L by adding polished water. The 
solution was capped, shaken and stored in a dark cabinet at room temperature. Four 
concentrations of B for each experiment were established. Concentrations 0, 25, 400, 
1000 µM were amended to the assigned hydro units in experiment 1 and concentrations 
0, 50, 100, 200 µM were amended to the selected hydro units in experiment 2. Table 2.3 
lists the target concentrations, amount of 50 mM B stock solution added to each hydro 
unit, the target mg/L of each B amendment and the actual measured B concentration 
(mg/L) of each final solution.  
 
Table 2.3: Boron amendments added to the hydroponic units 
Concentrations 
(µM) 
mL’s of H3BO3 
added 
Target ppm B 
(mg/L) 
Average ICP-MS B in 
solution (mg/L) 
Experiment 1    
0 0 0 0.065 
25 4 0.27 0.351 
400 64 4.32 5.321 
1000 160 10.81 12.658 
Experiment 2    
0 0 0 0.351 
50 8 0.54 0.749 
100 16 1.08 1.206 
200 32 2.16 2.517 
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Hydro units were numbered 1-15 and B treatments for experiment 1 were randomly 
assigned to a unit through the randomization procedure in SAS version 9.3 (2012). The 
units were labeled based on replication, concentration, and unit number. In order to 
minimize potential contamination, the same units were used for 0 µM during both 
experiments. Those units used for 25 µM in experiment 1 were used for 50 µM in 
experiment 2, experiment 1’s 400 µM units were used for 100 µM units in experiment 2 
and experiment 1’s 1000 µM was used for the 200 µM in experiment 2. During the first 
and second week of the experiments the humidity domes (clear plastic covers) of the 
units were misted with polished water to ensure an adequate level of moisture/humidity 
for good germination. After week 2, the domes were no longer misted because humidity 
was adequate due to the size of the plants. A week prior to harvest, units were thinned to 
12 plants (6 each of burley and dark) in order to allow each individual plant room for leaf 
expansion and prevent variation from shading within the unit. The units were monitored 
on a daily basis to ensure they were running properly. Once a week photographs were 
taken to document the growth and development of the plants within each unit. After 5 
weeks of growth plants were harvested by replication according to the schedule in Table 
2.2.  
 
2.2.2 Plant Harvest and Tissue Analysis 
On the day of harvest the leaves and roots of the plants were rinsed with polished water 
and separated. Leaves were removed from the stalk and pressed between two pieces of 
glass and roots were placed and spread out in a square plastic container, fitted for an 
Epson Perfection v700 scanner (Epsom America Inc, Long Beach, CA) to be scanned and 
saved onto the computer as a “tif” file. After the plants were scanned they were placed in 
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a small manila envelope and placed in an oven to dry for three days at 60°C. After 3 days, 
the leaves and roots were weighed and placed into 15 mL falcon tubes in preparation for 
digestions. Leaf surface area was determined using a protocol designed for Adobe 
Photoshop CS2 version 9.0.2 (Adobe Systems Inc, San Jose, CA). Root length, root 
surface area and root tips were estimated using Whinrhizo pro V C 32-bit (2009, Regent 
Instruments Inc, Quebec, Canada) software.  
 
Plant samples were digested by adding 1 mL of nitric acid and 1 mL of hydrogen 
peroxide into each falcon tube and placing the samples in the MARS Xpress 
microwavable digestion unit using the HTV-1600 JZ program. After they were digested 
the samples were brought up to a final volume of 5 mL by adding 3 mLs of polished 
water to each tube. 1 mL of digested plant or nutrient solution samples was pipetted into 
a new 15 mL falcon tube and taken to a 4X dilution by adding 1 mL of 5% nitric acid, 3 
mLs of polished water and 20 µl of Scandium internal standard. The samples were then 
analyzed for B using an Agilent 7500cx ICP-MS with a B instrumental detection limit of 
1.32 µg/L. After analysis the B content in mg/kg of each plant sample was calculated by 
taking the (ICP-MS output)*(0.02)/original weight of the sample. After analysis the B 
content in mg/kg of each nutrient solution sample was calculated by taking the (ICP-MS 
output)*(4) / 1000.  
 
2.2.3 Experimental Design and Statistical Analysis 
Data were statistically analyzed as a split plot design in SAS 9.3 (2012). A PROC GLM 
procedure was used to test the effects of concentration (0, 25, 50, 100, 200, 400, and 1000 
µM), type of tobacco (burley vs. dark) and experiment (Experiment 1=Feb–April and 
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Experiment 2= May-June). An experiment by type and type by concentration interaction 
was also tested. The linear (x), quadratic (x*x) and cubic (x*x*x) effects of a quantitative 
measurement of concentration (represented by “x” in the Tables) were also tested. Other 
interactions such as the x*experiment, x*x*experiment and x*x*x*experiment were also 
tested for the data in order to determine whether the two data sets could be used together 
to produce a single response curve or if dividing them by experiment was necessary. In 
these interactions “x” also represent the quantitative value of concentration. Differences 
were tested for significance at the P<0.05 level for all test statements. In order to better 
visualize the data relative values were calculated for several of the growth variables. The 
relative values were calculated by indexing the absolute value measured for each plant to 
the mean of the 0 µM B check for that experiment for each type of tobacco. These values 
were then run through the same statistical analysis as the absolute values to test for a 
nutrient response within the data. All terms tested were the same as above with the 
exception of experiment by type.  
 
2.2.4 Field Experiments 
Field studies were conducted at 4 locations across central and western Kentucky, 2 in 
Breckinridge County, 1 in Anderson County and 1 in Woodford County in the 2013 
growing season. The soil characteristics of each location can be observed in Table 2.4. 
The history of each plot and time of application the application rates and methods that 
each plot received are listed in Table 2.5. Table 2.6 lists what plots received specific 
combinations of treatment methods and application rates.  
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Table 2.4: Field study locations soil characteristics  
County Soil 
Series 
Soil Series 
Details 
Soil 
Drainage 
Class 
Starting 
Soil pH 
Starting 
concentration 
of B in soil 
(mg/kg) 
Anderson Ashton 
Silt Loam 
Fine, silty, 
mixed, active, 
mesic, Mollic 
Hapludalfs 
Well-
Drained 
6.4 .28 
Breckinridge 1 Sadler Silt 
Loam 
Fine, silty, 
mixed, semi-
active, mesic, 
Oxyaquic 
Fraglossudalfs 
Well-
Drained 
6.1 .28 
Breckinridge 2 Sadler Silt 
Loam 
Fine, silty, 
mixed, semi-
active, mesic, 
Oxyaquic 
Fraglossudalfs 
Well-
Drained 
6.3 .26 
Woodford Maury/ 
Bluegrass 
Silt Loam 
Fine, mixed, 
active, mesic, 
Typic Paledulfs 
Well-
Drained 
--- --- 
 
A TW treatment (Figure 2.4) was meant to mimic the grower adding B to the transplant 
water at time of transplant. The BR application was sprayed over top of the soil prior to 
transplant, meant to mimic a pre-transplant broadcast spray treatment. While the F 
treatment was sprayed 4-5 weeks after the plants had been transplanted, focusing on the 
solution coming into contact with the leaves of the plants. 
Table 2.5: Field study locations application rates, methods and history 
County Application 
Rates (kg 
B/ha) 
Application 
Methods 
History of 
Deficiency 
Planting 
Date 
Anderson .28, .56 TW, BR, F1 Yes June 6th 
2013 
Breckinridge 1 .28, .56, 
1.12, 2.24 
TW, BR, F Yes May 16th 
2013 
Breckinridge 2 .28, .56 TW, BR, F Yes June 13th 
2014 
Woodford .28, .56, 
1.12, 2.24 
TW No June 21st 
2013 
1= TW=Simulated Transplant Water, BR=Broadcast to Soil, F=Foliar to plant 
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Notrace Borosol 10 (10% B in the form of boric acid, Loveland Products, Greeley, CO) 
was diluted in water and used in all the field studies. The target application rate for each 
plot is listed in Table 2.6. Transplant water treatments were mixed in 7299 mL and 120 
mL of the solution was applied at the base of each transplant shortly after transplanting 
with specimen cups. Intended applications of transplant water treatments were meant to 
simulate a transplant water application of 2804 L/ ha. Broadcast treatments were mixed 
with 487 mL of water in a hand held pump-up sprayer and evenly sprayed over top of the 
soil within each plot until the solution was completely used. Foliar treatments were also 
mixed with 487mL of water and in a hand pumped sprayer and sprayed over top of the 
plants in the plot until the solution in the sprayer was completely gone. All solutions were 
remixed for each plot and intended to simulate a spray application of 187 L/ha.    
Table 2.6: Application rates 
Target Rate 
(kg B/ha) 
10% B rate 
mL/plot 
Solution 
Volume TW 
(mL/plot) 
Solution 
Volume BR 
(mL/plot) 
Solution 
Volume F 
(mL/plot) 
0.28 5.5 7299 487 487 
0.56 11.1 7299 487 487 
1.12 22.1 7299 487 --- 
2.24 44.2 7299 487 --- 
 
Photos were taken as often as possible to document any symptoms, and vigor ratings of 
the plants were also taken to gauge the effect of the treatments. At the end of the growing 
season cured leaf weights (Anderson and Breckinridge 2) and plant heights (Anderson 
and Woodford Counties) were measured to gauge any treatment differences. Plant leaf 
samples were also obtained from the Woodford County plot. These samples were taken to 
test for the B concentration in the leaves on the treated plots and also to test the 
difference in two grinding methods and the amount of contamination that may be 
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encountered. Samples were taken by collecting the fourth green leaf from the top of 10 
plants within the plot. They were placed in a labeled brown paper bag and dried at 60 oC 
for 5 days until they could be ground. The samples were weighed and split in half, based 
on weight. Half of each sample was ground in the Metal Wiley Mill and the other half 
was ground in a ball mill using an 8000 M Mixer-Mill (Spex Sample Prep, Metuchen, 
NJ). Roughly crushed samples were placed in a plastic container with three acid washed 
agate marbles. The container was then placed in the shaker (agitator) and shaken for 3 
minutes or until the sample was crushed to a powder. Both the marble ground and Wiley 
ground samples were tested using the same digestion and ICP-MS procedure used for the 
lab samples.  
 
 
2.3 Results 
2.3.1 Hydroponic Units (Greenhouse Experiments) 
An Analysis of Variance (ANOVA) was run on a combined data set that included both 
hydro-unit experiments (Table 2.7-2.12). All plant growth parameters were significantly 
different between the two experiments. Growth conditions during the two experiments 
were quite different with experiment 2 generally having higher light intensity and warmer 
temperatures than during experiment 1. Overall plant growth appeared to be much more 
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vigorous during experiment 2 with a average leaf surface area per plant of 109.9 cm2 for 
the 0 µM B treatment compared to only 76.7 cm2 for the same treatment in experiment 1. 
The main effect of tobacco type was found to be significant for all parameters except leaf 
and root B concentration data. Generally the growth measures of dark tobacco were lower 
as evidenced by leaf surface area per plant with an average across experiments of 72.3 
cm2 compared to 108.9 cm2 for burley. The difference between tobacco types could be 
related to the overall growth conditions in the greenhouse or solution culture method not 
being conducive for dark tobacco growth. A significant experiment by type interaction 
was observed for the parameters of leaf number and leaf weights. This interaction for leaf 
number was significant only because more leaves were counted on dark tobacco than 
burley at 400 µM in experiment 1, while burley had more leaves at all other B 
concentrations across both experiments. Growth at 400 µM and 1000 µM was minimal 
(Figure 2.16) making the accurate counting of leaves difficult. 
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Table 2.7: (ANOVA) for the main effects of leaf growth parameters 
 Leaf surface area (cm2) Leaf number 
Source DF SS F V Pr>F DF SS F V Pr>F 
Experiment 1 832282.45 122.04 <.0001 1 20.98 9.79 .0020 
Type of Tobacco 1 127982.67 18.77 <.0001 1 208.43 97.26 <.0001 
Type*Concentration 6 56268.47 1.38 .2250 6 15.07 1.17 .3216 
Experiment*Type 1 373.40 0.05 .8152 1 29.38 13.71 .0003 
Error (A): 16 516859.38   16 56.87   
         
x 1 117031.69 3.62 .0751 1 130.43 36.70 <.0001 
x*x 1 396.19 0.01 .9132 1 17.77 5.00 .0399 
x*x*x 1 124539.09 3.86 .0672 1 3.86 1.09 .3126 
x*Experiment 1 21354.47 0.66 .4281 1 10.57 2.97 .1038 
x*x*Experiment 1 32720.98 1.01 .3292 1 1.80 0.51 .4861 
x*x*x*Experiment 1 3845.82 0.12 .7346 1 6.58 1.85 .1925 
Error (B): 255 1739059.36   255 546.49   
 
 
Table 2.8: (ANOVA) for the main effects of relative leaf growth parameters 
 Relative Leaf Surface Area Relative leaf number 
Source DF SS F V Pr>F DF SS F V Pr>F 
Experiment 1 461864.95 79.72 <.0001 1 13825.52 37.52 <.0001 
Type of Tobacco 1 23502.52 4.06 0.0451 1 2778.73 7.54 0.0065 
Type*Concentration 6 24209.57 0.70 0.6527 6 11121.68 5.03 <.0001 
Error (A): 16 440567.86   16 9918.61   
         
x 1 203399.77 7.39 0.0152 1 19681.52 31.75 <.0001 
x*x 1 3711.02 0.13 0.7183 1 3129.88 5.05 0.0391 
x*x*x 1 125541.02 4.56 0.0486 1 674.84 1.09 0.3123 
x*Experiment 1 12141.78 0.44 0.5161 1 2362.69 3.81 0.0686 
x*x*Experiment 1 28332.78 1.03 0.3255 1 413.18 0.67 0.4263 
x*x*x*Experiment 1 2904.02 0.11 0.7496 1 1414.39 2.28 0.1504 
Error (B): 255 1477433.24   255 93956.98   
						
	
	28
 
Table 2.9: (ANOVA) for the main effects of leaf weight and concentration parameters* 
 Leaf weight (g) Leaf B concentration (mg/kg) 
Source DF SS F V Pr>F DF SS F V Pr>F 
Experiment 1 0.0054759 30.23 <.0001 1 8650876.36 18.72 <.0001 
Type of Tobacco 1 0.0007457 4.12 .0435 1 760051.86 1.64 .2021 
Type*Concentration 6 0.0004096 0.38 .8934 6 1479824.81 0.53 .7824 
Experiment*Type 1 0.0013502 7.45 .0068 1 21292.91 0.05 .8306 
Error (A): 17 0.0050140   16 9574985.32   
         
x 1 0.0029276 9.93 .0058 1 28633118.53 47.85 <.0001 
x*x 1 0.0001498 0.51 .4856 1 690997.81 1.15 .2985 
x*x*x 1 0.0002583 0.88 .3625 1 105153.74 0.18 .6807 
x*Experiment 1 0.0000458 0.16 .6982 1 2224.99 0.00 .9521 
x*x*Experiment 1 0.0014199 4.81 .0424 1 28336.49 0.05 .8305 
x*x*x*Experiment 1 0.0000083 0.03 .8681 1 838.71 0.00 .9706 
Error (B): 254 0.0460148   220 102140355.1   
*DF differ between Leaf weight and Leaf B concentration due missing data as a result of 
some plant samples not being large enough for ICP-MS analysis.  
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Table 2.12: (ANOVA) for the main effects of root weight and concentration parameters 
 Root weight (g) Root B concentration (mg/kg) 
Source DF SS F V Pr>F DF SS F V Pr>F 
Experiment 1 0.00685415 28.64 <.0001 1 109040.49 1.28 .2591 
Type of Tobacco 1 0.00394929 16.50 <.0001 1 121844.53 1.43 .2330 
Type*Concentration 6 0.00062176 0.43 .8564 6 442177.71 0.87 .5209 
Experiment*Type 1 0.00011250 0.47 .4936 1 853.41 0.01 .9203 
Error (A): 16 0.01307355   16 1239610.15   
         
x 1 0.01069220 13.09 .0023 1 26794.33 0.35 .5647 
x*x 1 0.00045690 0.56 .4654 1 498111.12 6.43 .0220 
x*x*x 1 0.00660098 8.08 .0118 1 70397.92 0.91 .3547 
x*Experiment 1 0.00092709 1.13 .3026 1 16669.19 0.22 .6490 
x*x*Experiment 1 0.00255565 3.13 .0960 1 1083.85 0.01 .9073 
x*x*x*Experiment 1 0.00033143 0.41 .5332 1 1001.80 0.01 .9109 
Error (B): 229 0.05480429   187 15912378.99   
 
 
Plant growth parameters declined significantly at B solution concentrations at or above 
400 µM during experiment 1 (Figures 2.5-2.9). At the 0 and 25 µM B concentrations 
plant to plant variability (within each unit) in growth was quite high with some plants 
exhibiting good growth and other plants showing poor growth (Figure 2.15). 
Concentrations at or above 400 µM had minimal growth with less variability between 
individual plants. Leaf expansion as measured by total leaf surface area was reduced 
more severely at high B concentrations than leaf number (Figures 2.5 and 2.6). Dark 
tobacco was generally smaller by all measures of growth compared to burley. There was 
an interaction of type by concentration for total leaf surface area and number of root tips. 
For both of these parameters dark tobacco growth appeared to be inhibited to a greater 
degree than burley as B concentration in the nutrient solution increased.  
No extreme differences in plant growth were observed with the reduced range of solution 
B concentration in experiment 2 (Figures 2.9-2.12). There were no obvious signs of B 
deficiency in the 0 µM B check treatment however growth did appear to be reduced 
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relative to 50 µM and 100 µM treatments. Plant growth peaked at B concentrations of 
100 µM and at 200 µM a reduction in plant growth occurred though there was no clear 
evidence of B toxicity in the plants. Plant to plant variability at all solution B 
concentrations was large in experiment 2 (Figure 2.18), however the greatest variability 
occurred at the 200 µM B concentration. The one growth parameter, which seemed to be 
largely unaffected in both experiments by B concentration was leaf number. Even at the 
highest B concentration the plant still had close to the same number of leaves as the 
plants at lower concentrations (Figures 2.6 and 2.10). The plant to plant variability within 
the parameter of leaf number was small, plants within the same unit had close to the same 
amount of leaves. Boron concentration in the leaf tissue increased as solution B 
concentration increased in both experiment (Figure 2.13 and 2.14). Figure 2.13 showed 
the sharp increase in both burley and dark tobacco during experiment 1 in the leaf 
concentration of B. However dark tobacco did not show as large of an increase as burley. 
Experiment 2 (Figure 2.14) also showed a gradual increase in the leaf B concentration of 
the tobacco based on the increasing concentrations being applied. Overall leaf B 
concentration was higher than root B concentration across experiments.  
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2.3.2 Visual Observations 
Visual observations of the plants during the first experiment of the hydro units showed 
little to no differences between the 0 µM and 25 µM however there was a large difference 
in the development of the plants at the 400 µM and 1000 µM concentrations. In Figure 
2.15 the differences between the four concentrations in experiment 1 can be seen. The 
units in Figure 2.15a and b, that were amended with 0 µM and 25 µM, have good color, 
do not show any stunting, chlorosis, or leaf marginal curling. The 400 µM amendment, 
caused stunting which was more apparent in the dark tobacco as seen on the right side of 
the image (Figure 2.15c). The 1000 µM B concentration caused extreme stunting and 
even plant death (Figure 2.15d). Extreme leaf curling and discoloration can be observed 
in Figure 2.16 a and b, the plants have a scorched appearance. The impact of B 
concentration on root stunting was observed by measuring the root length the day of 
harvest. Figure 2.17a-d shows the visual differences in root length between four selected 
plants within each concentration while Table 2.13 lists the different root lengths for each 
plant. With increasing B concentration a gradual decrease in the root length was 
observed. Figures 2.17a-d also shows the root mass (thickness) of the roots, the higher 
concentrations had less root mass as compared to the lower concentrations. 
Table 2.13: Root length variation within 
experiment 1. 
Concentration (µM) Root Length (cm) 
0 17.78 
25 24.13 
400 15.24 
1000 7.62 
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Visual observations for experiment 2 were less striking than those observed during 
experiment 1 mainly because the differences were so minute they could not be easily 
recognized. Overall the dark tobacco plants were smaller than the burley plants. Figure 
2.18a-d shows little variation in color, and size between the four concentrations. 
Unfortunately there was considerable variation between the individual plants within the 
unit for unknown reasons.  
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2.3.3 Field Experiments 
Field trials were conducted at four locations during the 2013 growing season. Three of 
the four locations were chosen based on reports of B deficiency observed during the 2012 
growing season. Unfortunately no B deficiency symptoms were observed for any of the 
plots in the 2013 growing season. The lack of observed deficiency symptoms may have 
been due to the fact that rainfall was generally adequate during 2013, whereas the 
weather had been dry during 2012. The soil pH’s for 2013 where in the low to mid 6 
range which could have also contributed to lack of B deficiency observations.  
Symptoms of suspected B toxicity were observed for transplant water applications at 
multiple locations. The toxicity symptoms were not observed on plants that received B 
application through a broadcast or foliar treatment method. Toxicity symptoms observed 
in field trials were; leaf margin curling and leaf/plant burning and plant death (Figure 
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2.19). The plants in the 0 B check appeared healthy, with no marginal discoloration or 
curling observed. Marginal leaf curling and chlorosis, was observed at the Woodford 
County location at the 0.56 kg B/ha TW application rate. At the highest rate of 2.24 kg 
B/ha the plants appeared scorched, chlorotic, stunted, and necrotic. Plant death losses 
were documented at the 1.12 and 2.24 kg B/ha application rates. Losses at the 1.12 kg 
B/ha rate were 8.25 and 18.75% at Woodford and Breckinridge 1 respectively. Plant loss 
at the 2.24 kg B/ha rate, were 27.5 and 45% at Woodford and Breckinridge 1 
respectively. Because of the observed losses and injury at Breckinridge 1 the two highest 
TW treatments were dropped from the studies at Breckinridge 2 and Anderson County. It 
is important to note that Woodford County did not have any suspected B deficiency prior 
to the start of this experiment.  
 
Aside from the visual observations, plant heights and leaf B concentration data were 
measured for the Woodford County 2013 plot. Average plant height appeared to decrease 
at higher levels of B application in the transplant water (Figure 2.20). This apparent 
stunting likely resulted from the increase severity of the toxicity symptoms observed 
during early growth. These early toxicity symptoms did affect the cured leaf yield 
decreasing yield by 750 lbs/A at the 2.24 kg B/ha application rate and 550 lbs /A at the 
1.12 kg B/ha application rate respectively compared to the check (Figure 2.21). Despite 
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these observations the B concentration in leaf (Figure 2.22) did not show a difference 
based on the initial application rate applied to the plot. The lack of differences in the 
plant B concentration could have been linked to the fact that leaf samples were taken at 
topping, a time at which those plants that were severely affected by B amendments would 
have already been dead. If plant samples had of been taken earlier in the season when 
those plants that were severely affected by the higher B amendments were still alive a 
difference in the amount of B within the leaves at the different B amendment levels may 
have been observed. The method of grinding did not have much impact on measured leaf 
B concentration thus suggesting that grinding procedure did not result in significant 
contamination of samples.  
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The three additional fields sites for 2013 were grower farms that had reported B 
deficiency symptoms the previous season. In the Breckinridge 1 location toxicity 
symptoms were observed at high rates of B transplant water applications. Figure 2.23 
shows the post-transplant growth of one of the 2.24 kg B/ha TW treatment plots planted 
in Breckinridge 1 in a soil that had been reported to have B deficiency in 2012. Plant 
death occurred at both the 1.12 kg B/ha and 2.24 kg B/ha but was more prevalent at the 
2.24 kg B /ha TW application rate. Unfortunately yield data were not obtained from this 
site due to a miscommunication between the grower and his work crew. At Breckinridge 
2 and Anderson County locations no toxicity was observed (the highest application rate at 
these locations was 0.56 kg B/ha). Despite the fact that these were sites with a history of 
suspected B deficiency there were no differences in the cured leaf yield (Figure 2.24).  
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2.4 Discussion 
2.4.1 Hydroponic Units  
The hydroponic trials were intended to allow precise control of B concentration in the 
solution around the roots in hopes of identifying the critical points for the observation of 
deficiency and toxicity symptoms. Unfortunately no deficiency symptoms were observed 
during these trials and only very small growth differences were observed between the 0 
µM B checks and the non-toxic B treatments. The lack of deficiency symptoms or 
significant growth reduction at 0 µM B could be due to minute amounts of B 
contamination in the reagents, solutions or equipment used in this study. Table 2.3 lists 
the trace amounts of B found in each stock nutrient solution added to the hydroponic 
units. Even at the 0 µM B level there were trace amounts of 0.065 in experiment 1 and in 
experiment 2 0.351 mg/kg respectively. Contamination between experiments may have 
resulted from B carry over in the plastic of the hydro units, motors, or in the rubber plugs, 
even though all parts of the units were sanitized and washed between experiments. 
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Another factor may be the small size of the plants at harvest in these experiments. Lal 
and Tyagi (1949) reported that B deficiency symptoms on tobacco became more 
pronounced as the plants were grown for longer periods of time and to a larger size. 
While the deficiency side of the nutrient response curve was not clearly defined in this 
study, the toxicity side was evident and confirmed statements suggesting the B nutrient 
response curve had a narrow sufficiency range (Reisenauer et. al, 1973). Due to the large 
difference in growth between experiments, relative growth parameters were calculated to 
allow curves to be plotted across the entire range of concentrations. Relative leaf surface 
area generally increased as solution B concentration increase up to 100 µM (Figure 2.25). 
After the initial increase leaf surface area decreased as B concentration increase to 200 
µM and higher. Significant plant growth reduction occurred most likely as a result of B 
toxicity as the solution concentration increased to 400 µM. Further evidence supporting 
this curve can be found in the analysis of variance for the relative leaf surface area which 
indicates that both the linear and cubic terms for concentration were significant (Table 
2.8 and 2.11). The relative root surface area (Figure 2.26) showed a similar result, B 
amendments up to 100 µM increase the relative root surface but at 200 µM and above the 
root surface area decreased. The relative values approximated an expected nutrient 
response curve. In order to better define this curve, further investigation of the effects of 
concentrations surrounding 100 µM need to be investigated. Further fine-tuning of the 
curve is necessary to confirm an adequate sufficiency range.  
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A plot of total leaf surface for burley vs B concentration in the leaf seemed to indicate a 
potential critical point at approximately 100 mg/kg leaf concentration (Figure 2.27). This 
amount of leaf B concentration is within 25 mg/kg of what Baker et. al. (2000) stated as 
an adequate range for burley and flue cured tobacco, 18-75 ppm. Below a leaf 
concentration of 100 mg/kg, total leaf surface area varied, but above 100 mg/kg very little 
leaf growth was observed. For dark tobacco total leaf surface area the critical point at 100 
mg/kg does not appear to be as well defined as is was for burley (Figure 2.28). There 
appeared to be some leaf growth up to about 200 mg/kg, however as leaf concentration 
rose to 200 mg/kg most growth was stopped. For burley and dark tobacco the 120-125 
mg/kg root B concentration affected the growth and development of the roots to a point 
that caused the plant to decrease in the root surface area (Figure 2.29 and 2.30). It is 
speculated that the cause of a small leaf surface area could have been a result of the roots 
surface area being small and the roots being unable to collect enough nutrients to sustain 
adequate growth.  
 
Figure 2.13 shows how the leaf B concentration of the tobacco increased with increasing 
amounts of B being supplied to the plant. Adriano (1986) stated that B accumulates in the 
leaves of plants and through the analysis of the leaf and root B concentration this was 
also confirmed for both burley and dark tobacco.  
 
Timing of seeding in the greenhouse was extremely important for how B was taken up by 
the plant. Experiment 1 was run during the early spring/late winter (Feb-March 2014) and 
experiment 2 was run during the early summer (May-June). In the early spring, in 
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Kentucky, there is increased cloud cover and rain with low temperatures, which caused 
the plants to have a lower transpiration level. Not only can these differences be seen 
between the two experiments but also between replications within each experiment. The 
further into the spring that the units were seeded the more pronounced the symptoms of 
toxicity that occurred. When comparing replication 1 and replication 3 the toxicity 
symptoms appeared to be worse in replication 3, possibly due to an increase transpiration 
rate during replication 3. In experiment 2 the conditions in the greenhouse included 
increased temperatures, less cloud cover, and increased humidity. Timing of seeding in 
the greenhouse was important, but it may have also been beneficial to note the 
differences in the magenta cups and the hydro units where in the magenta cups the roots 
were submerged in the solution while in the greenhouse the roots were being 
continuously sprayed with solution. A difference in the way the roots were being supplied 
with the B amendments may have affected the presentation of symptoms.  
Dark tobacco did not respond well to the growing conditions in the lab and greenhouse 
and had a lower tolerance for B. Meaning that the tolerance of dark tobacco to B toxicity 
is different from that of burley tobacco (Figure 2.27 and 2.28). This can also be seen in 
Figure 2.5 where dark tobacco is lower in total leaf surface area when exposed to higher 
concentrations of B. Compared to the 0 µM treatment dark tobacco total leaf surface area 
decreased at the 25 µM amendment as opposed to burley tobacco where the 25 µM 
amendment increased the total leaf surface area.  
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These experiments did not allow the determination of specific deficiency and toxicity 
critical values. Boron accumulation in the leaves excess of 100 mg/kg leaf concentration 
appeared to cause extensive damage to the growth of the leaves. In order to further define 
the critical values specifically at the deficiency level prevention of B contamination 
within the experiment needs to be established. The study did provide some confirmation 
that the B sufficiency in tobacco is a relatively small window, somewhere around 100 
µM (1 ppm) in the nutrient solution.  
 
These findings also aided in confirming some toxicity symptoms. Boron in tobacco is 
part of the development of meristematic tissue (Herra-Rodruguez et. al. 2010) observed 
where the growing point of the leaves and roots were damaged as a result of the higher B 
amendments being applied (200 µM, 400 µM and 1000 µM). Lastly, the toxicity 
symptoms of leaf tip burn and curling (Eaton, 1944) was observed in the lab at the 400 
µM and 1000 µM concentrations.  
 
2.4.2 Field Experiments 
Field studies were designed to address the third and final objective, mitigation of B 
deficiency in the field. However they served as a means of confirming the B toxicity 
symptoms as well. The field experiments demonstrated that B deficiency is not 
predicTable from year to year, and deficiency may be affected by the weather for that 
season. Those fields that had B deficiency in 2012 did not show any symptoms in 2013. 
Field observations of three different types of B application methods have shown that even 
at the higher application rates broadcast and foliar application does not damage the plant 
like a transplant water treatment. If B is added to the transplant water only a small 
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amount (0.28 kg B/ha) should be added. Leaf curling, necrosis, stunting and in some 
cases complete plant death occurred at the 0.56 kg, 1.12 kg and especially at 2.24 kg 
B/ha. Observations from field trials confirmed the toxicity symptoms that had been 
observed in the lab. Those plants that receive greater than or equal to 0.56 kg B/ha (207 
µg/L) had a decreased plant height and those plants in lab that receive 400 µM (4 g/L) 
and 1000 µM (11 g/L) were stunted (seen in root length and root surface area 
measurements) showing that stunting is another symptom of B toxicity. Plant vigor 
ratings (Figure 2.31) also showed that at those high B concentrations overall observations 
of the plants showed they were not growing or thriving compared to the lower rate plots.  
 
 
The only mitigation strategy developed as a result of these field studies are to apply only 
small amounts of B to a field that has had a history of B deficiency. The method of 
application will dictate what levels of B rates can be applied. The recommendation at this 
time is to proceed with caution upon application and be sure to not over apply, 
specifically in the transplant water.  
 
						
	
	55 
	
2.5 Conclusions 
With regards to objective 1, a preliminary B nutrient response curve, was developed for 
burley and dark tobacco. Unfortunately due to B contamination and plant size limitations 
within the hydroponic system the deficiency side of the curve was not as well defined. 
The peak of sufficiency was however observed at around 100 µM B in the nutrient 
solution and the toxicity side of the curve was well defined. Growth reduction was 
observed at 200 µM B and severe toxicity was evident by 400 µM B. For objective 2, no 
deficiency symptoms were observed in either the greenhouse or field, so confirmation of 
reported B deficiency symptoms could not occur. However, B toxicity symptoms did 
occur and were observed in both the greenhouse and field. Symptoms of B toxicity 
included stunting of growth, marginal leaf yellowing, marginal leaf curling and plant 
death in severe cases. The field studies clearly indicated that extreme caution should be 
exercised when attempting to correct B deficiency. Mitigation strategies for B deficiency 
in the field are simply to avoid applying B in the TW. Broadcast or foliar application may 
be the best way to avoid B deficiency without causing toxicity. If the field is suspected of 
B deficiency other forms of B fertilizer can be applied besides the TW but soil samples 
and B levels need to be assessed before these applications are made.  
 
2.6 Future Directions 
Several limitations were experienced while running these experiments. The first 
limitation that occurred involved the growth of the plants. The plants were only grown to 
a pre-transplant stage. In the future it would be ideal to grow the tobacco plants in a way 
where they could reach a larger size and the changing need for B per growth stage is 
addressed. Another limitation involved the B contamination within the hydroponic 
experiments. In the lab there is a great deal of glass and contaminants that could have 
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contributed B to the systems. Finding a method to prevent contamination of B to the 
plants will be pertinent to reaching ideal detections of applied B. The timing and spread 
of concentrations was another limitation experienced while running this study. In the 
future all of the concentration 0-1000 µM need to be run during the same growing 
environment, then the entire experiment needs to be repeated. This way all concentrations 
are exposed to the same growing conditions and comparisons are better made between 
concentrations in order to better gauge the nutrient response curve. Further investigation 
into the concentration levels surround 100 µM would also be beneficial to further define 
the shape of the nutrient response curved initially developed here.  
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Appendices  
Appendix A: Preliminary (Magenta Cup) Study 
Preliminary studies were conducted in magenta cups (Sigma-Aldrich cat #V8505) to 
select B concentration to be used in the hydroponic unit studies. Several magenta cup 
trials were conducted before a replicated sterile study was established. Here the 
discussion will only be on the sterile study because this is what the concentrations for the 
hydro units were based on.  
Materials and Methods 
Preparation for the sterile magenta cup study began by assembling 40 magenta cups 
(Figure 1), misting them with water and putting them into the Market Forge Sterilmatic 
autoclave (Market Forge Industries Inc, Everett, MA) at a slow exhaust (250 oC ) for 35 
minutes. After the magenta cups were autoclaved they were left assembled and placed in 
the laminar fume hood where all preparation procedures for this study were conducted to 
minimize the chances of algal contamination.  
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Approximately 75 bare burley seeds (lot # R212171A0) were put in a sterile 50 mL 
conical centrifuge tub. 10 µl of Tween 20 solution and 15 mLs of bleach were added to 
the tube and shaken for 20 minutes. After the seeds were shaken the Tween 20 mixture 
was removed using a sterile pipet and replaced with approximately 15 mLs of polished 
water from the Barnstead Diamond Ultra Pure Water System, this rinse procedure was 
repeated 5 times. After the seeds were rinsed, 15 mLs of polished water was added to the 
tube and individual seeds were pipetted into the rock wool stuffed holes of 6 magenta cup 
trays (Figure 1). Each tray was seeded with 16 seeds (per tray) and 150 mLs of vacuum 
sterilized polished water was added to each magenta cup, and the tray was floated in the 
polished water. The cups were capped and aluminum foil was wrapped around the base 
before they were placed on the Barnstead Max Q 3000 shaker (Thermo-Fisher Scientific, 
Waltham, MA) at 60 repetitions per minute (rpm). Two shop lights, a 32 Watt (Hg) 
F32T8-SP30-Eco bulb (front) (Crescent Electric Supply Company, Louisville, KY) and a 
32 Watt (Hg) F32T8-SP65-Eco bulb (back) (Lighting Supply, Ferndale, MI), these lights 
were placed 16 ¼“ from the top of the shaker. The lights used in the growth chamber 
were on between 7 am and 9 pm (14 hours), every day, for the entire 5 weeks of this trial. 
A ½ strength Hoagland’s nutrient solution was prepared as shown in Table 1 and run 
through a 500 mL plastic vacuum sterilization filter. Seven days after seeding, the water 
was removed and replaced with 150 mL increments of the nutrient solution (Table 1, 2nd 
column). Solutions were brought to a pH of 6.5 by adding 10-15 drops of 1 M KOH to 
the stock solution.  
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Table 1: ½ Strength Hoagland’s nutrient solution (Hoagland, 1950) 
Nutrient Concentration 
(mM) 
mLs added to 5 L 
KNO3 300 25 
Ca(NO3)2 · 4H2O 200 25 
NH4H2PO4 100 25 
MgSO4 · 7H2O 50 25 
MES 200 25 
NACL 50 2.5 
ZnSO4 · 7H2O 2 2.5 
MnSO4 · H2O 2 2.5 
CuSO4 · 5H2O .1 2.5 
(NH4)6 Mo7O2 · 4H2O .5 2.5 
Fe (III) HBEB 5.5 10 
  
At the 4 leaf stage (approximately 1 week after seeding) individual plants were removed 
with tweezers and placed on a tray in one of the other 32 sterilized magenta cups filled 
with 150 mLs of ½ strength Hoagland’s solution. A 50mM stock solution of Boric acid 
(B(OH3)) was vacuum sterilized and added to the cups to achieve a final B concentration 
ranging from 0-800 µM (Table 2). The cups were capped and aluminum foil was 
wrapped around before they were labeled and placed in the growth chamber on the shaker 
at 60 rpm.  
 
Table 2: Magenta cups B amendments 
Magenta Cup 109-68 -# Concentration of B (µM) Amount of B added from 
stock solution (µl) 
1,2,3,4 0 0 
5,6,7,8 25 75 
9,10,11,12 50 150 
13,14,15,16 75 225 
17,18,19,20 200 600 
21,22,23,24 400 1200 
25,26,27,28 600 1800 
29,30,31,32 800 2400 
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Fresh nutrient solutions were mixed, vacuum sterilized and added to the magenta cups 
every 7 days for 5 weeks during the experiment. At harvest, the leaves and roots of the 
plants were washed and separated. Leaves were removed from the stalk and pressed 
between two pieces of glass and roots were spread out in a square plastic container, fitted 
for the Epson Perfection v700 photo scanner to be scanned. After the plants were scanned 
and the files saved the leaves and roots were placed in manila envelopes and oven dried 
for three days at 60 C°. Dried leaves and roots were weighed out and placed into 15 mL 
falcon tubes to prepare for digestions. Average surface area per leaf and root parameter 
images were analyzed with adobe Photoshop and Whinrhizo software.  
Plant samples were prepared for digestion by pipetting 1 mL of nitric acid and 1 mL of 
hydrogen peroxide into each falcon tube. The samples were completely digested by using 
the program HTV-1600 JZ on the MARS Xpress digester. After they were completely 
digested the samples were brought up to the final volume of 5 mL by adding 3 mLs of 
polished water to each tube. 1 mL of digested plant samples were pipetted into a new 15 
mL falcon tube and taken to a 4X dilution by adding 1 mL of 5% nitric acid, 3 mLs of 
polished water and 20 µl of Scandium internal standard. The samples were then injected 
into an Agilent 7500cx ICP-MS. The method detection limit was 3.63 µg/L. After 
analysis the final concentration (mg/kg) of each plant sample was calculated by taking 
the (ICP-MS output)*(0.02)/original weight of the sample.  
 
Results and Discussion 
The results from this sterile magenta cup study were used to determine the appropriate 
concentrations for the larger scale greenhouse studies. These results were not statically 
analyzed only the simple means and standard deviations were calculated for the average 
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surface area per leaf (Figure 2), root length (Figure 3), root surface area (Figure 4) and 
root tips (Figure 5). Most of the decision was based on the results seen in the leaf surface 
area and root length data. An increase in the average surface area per leaf and root length 
occurred between 0 µM and 25 µM (Figure 2) that is why 0 µM and 25 µM B 
concentrations were chosen for experiment 1 of the hydro units. The average surface area 
per leaf and root length between 75 µM and 800 µM did not show many differences. As a 
result, the middle point (400 µM) and a concentration of 1000 µM (a concentration above 
800 µM) were chosen to ensure concentrations in the toxicity range. Due to the excessive 
damage that occurred to the plants in hydroponic units during experiment 1 at 400 µM 
and 1000 µM concentrations within 75-800 µM range but below 400 µM were selected to 
test in experiment 2.  
 
 
 
Figure 2: Sterile magenta cup study, average surface area per leaf, (black error bars 
indicate standard deviation)  
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Figure 3: Sterile magenta cup study, root length (black error bars indicate standard 
deviation)  
 
 
 
Figure 4: Sterile magenta cup study, root surface area (black error bars indicate standard 
deviation)  
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Figure 5: Sterile magenta cup study, amount of root tips (black error bars indicate 
standard deviation)  
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